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Abstract
Human bocavirus (HBoV) is a recently discovered parvovirus associated with respiratory and gastroenteric infections in 
children. To date, four distinct subtypes have been identified worldwide. HBoV1 is the most frequently detected bocavirus 
in clinical samples derived from the respiratory tract. HBoV has a single-stranded DNA genome, which encodes two non-
structural proteins, NS1 and NP1, and two structural proteins, VP1 and VP2. Despite a large number of available HBoV 
sequences, the molecular evolution of this virus remains enigmatic. Here, we applied bioinformatic methods to measure the 
codon usage bias in 156 HBoV genomes and analyzed the factors responsible for preferential use of various synonymous 
codons. The effective number of codons (ENC) indicates a highly conserved, gene-specific codon usage bias in the HBoV 
genome. The structural genes exhibit a higher degree of codon usage bias than the non-structural genes. Natural selection 
emerged as dominant factor influencing the codon usage bias in the HBoV genome. Other factors that influence the codon 
usage include mutational pressure, gene length, protein properties, and the relative abundance of dinucleotides. The results 
presented in this study provide important insight into the molecular evolution of HBoV and may serve as a primer for HBoV 
gene expression studies and development of safe and effective vaccines to prevent infection.

Introduction

Human bocavirus (HBoV) was first identified in 2005 in the 
nasal washings of children suffering from idiopathic respira-
tory disease [2]. To date, four distinct subtypes of HBoV 
have been identified and classified as HBoV1-4 [3, 32]. 
HBoV1 is the most frequently detected bocavirus in human 
respiratory samples, accounting for 65-95% of all HBoV 
infections [61]. HBoV2–4 are mostly found in fecal samples 
and have been implicated in gastrointestinal infections [13, 
26]. HBoV is a member of the family Parvoviridae, subfam-
ily Parvovirinae, and genus Bocaparvovirus [50]. Phyloge-
netic analysis has indicated a close evolutionary relationship 
between HBoV and bocaviruses found in great apes [55]. 

Based on the viral NS1 protein sequence, HBoV1 and 3 as 
well as gorilla and chimpanzee bocaviruses have been clas-
sified as members of the primate bocaparvovirus 1 group, 
whereas HBoV2 and 4 have been classified as members of 
the primate bocaparvovirus 2 group [15].

Human bocavirus (HBoV) has a single-stranded DNA 
genome of approximately ~ 5.3 kb. The genome contains 
three open reading frames (ORF), encoding two structural 
proteins, VP1 and VP2, and two nonstructural proteins, 
NS1 and NP1. The coding sequence is flanked by inverted 
repeats that form hairpin-like structures and are essential 
for viral genome replication [33, 42]. The NS1 is a multi-
functional protein that is required for viral DNA replication, 
gene expression, and immune evasion [38, 64]. The NP1 is 
a phosphoprotein and plays a role in nuclear localization, 
blocks interferon production by interacting with interferon 
regulatory factor 3 (IRF3), and induces both cell arrest and 
apoptosis in HeLa cells [39, 63, 69]. The capsid proteins 
VP1 and VP2 share a C-terminal region and differ only in 
the N-terminal region of VP1. The N-terminal portion of 
VP1 contains a unique phospholipase A motif that is essen-
tial for infectivity and facilitates the release of the virus 
from endocytic compartments to the nucleus of the host cell 
[24, 51]. VP2 upregulates the production of interferon beta 
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(IFN-β) and represents the major antigenic determinant for 
serology and immunization [18, 41].

As obligate intracellular parasites, viruses rely exclu-
sively on the translational machinery of the host cell for the 
synthesis of viral proteins. The efficiency of viral mRNA 
translation depends on factors such as the composition of 
amino acid/ tRNA pools and the codon frequency within 
the mRNA [1, 5, 9, 11, 17, 27, 28, 48]. Although the genetic 
code is essentially universal, the abundance of isoaccepting 
tRNAs varies between organisms, between the tissues of 
same organism, and between various stages of differentiation 
of same tissue [70]. These tRNA variations may explain, 
at least in part, spatial or temporal regulation of viral gene 
expression within host organisms [19, 60]. Viruses have 
evolved to take advantage of codon composition to regulate 
gene expression without having deleterious effects on host 
cells. In papillomaviruses, expression of the capsid proteins 
L1 and L2 is linked to the specific cell differentiation states 
in which particular aminoacyl-tRNAs are expressed [71, 
74]. In hepatitis A virus, the presence of low-prevalence 
codons has been linked to slow protein translation and cor-
rect protein folding [14]. Human immunodeficiency virus 
and herpesviruses maintain codons in their genes that have 
a low prevalence in their host cells [7, 46].

Despite the availability of a large number of HBoV 
sequences in genome database, few data are available about 
the synonymous codon usage patterns of this virus. A study 
of nine Parvovirinae subfamily viruses revealed that the 
codon bias is greatly influenced by GC frequency [54]. The 
synonymous codon usage bias of 11 human bocaviruses 
suggested that mutational bias and gene function are the 
main factors that determine the codon usage bias in HBoV 
[72]. A more recent study on 58 Parvoviridae family viruses 
showed that natural selection rather than mutation pressure 
is the main factor that affects the codon bias [58]. HBoV is a 
serious public health risk and necessitate in-depth scientific 
studies to understand the evolution and pathogenic potential 
of this virus.

This study was undertaken to address following important 
issues related to HBoV evolution: (i) the extent of codon 
bias in the HBoV genome; (ii) inter and intra-genomic vari-
ations in codon usage bias; and (iii) forces that influence 
the evolution of codon bias. To address these questions, we 
have analyzed the nucleotide composition of 156 HBoV 
genomes, quantified the codon usage bias and performed a 
correlation analysis of various indices of codon usage bias 
to determine the extent and relative influence of different 
evolutionary pressures on HBoV codon usage. A better 
knowledge of codon usage bias is essential to understand-
ing the processes governing HBoV evolution. Furthermore, 
such information is relevant to understanding the regulation 
of viral gene expression and also to vaccine design, where 
the efficient expression of viral proteins may be required to 

generate immunity [25]. Our results suggest a low but highly 
conserved gene-specific codon usage bias in the HBoV 
genome. Natural selection emerged as a key determinant of 
codon usage bias in the HBoV genome, whereas mutation 
pressure and gene function emerged as minor contributing 
factors that differentially affect the codon usage in different 
HBoV genes.

Materials and methods

Sequence data

The genome sequences in Fasta format were retrieved from 
the National Center for Biotechnology (NCBI) GenBank 
database (http://www.ncbi.nlm.nih.gov). Sequences were 
aligned using MEGA 7.0, and sequences with excessive 
gaps or incomplete ORFs were removed. Details of 156 
HBoV isolates used in the study are provided in Table S1. 
To determine the genomic parameters and overall codon 
usage bias in the entire coding sequence (CDS), stop 
codons of NS1 and NP1 were removed and open reading 
frames (ORFs) were concatenated in the following order: 
NS1 + NP1 + VP1/2. Comparative analysis of nucleotide 
composition, codon usage bias, and forces shaping codon 
usage in different HBoV genes was carried out.

Nucleotide composition

The overall frequency of occurrence of mononucleotides 
(A, C, T, and G), the frequency of occurrence of mono-
nucleotides at the third synonymous codon position (A3s, 
C3s, T3s and G3s), and the frequency of occurrence of G+C 
(GC1, GC2,  GC12 and GC3s) (Table 1), and the observed 
frequency of dinucleotides (ApA, ApC, ApG, ApT, CpA, 
CpC, CpG, CpT, GpA, GpC, GpG, GpT, TpA, TpC, TpG 
and TpT) were calculated using default parameters in the 
SSE software package [59]. Expected dinucleotide frequen-
cies were also calculated assuming random association of 
bases from the observed frequencies of each base. A ratio 
of observed to expected dinucleotide (O/E) frequencies was 
used for designation of over-representation or under-repre-
sentation in terms of relative abundance compared with a 
random association of mononucleotides [36, 66].

Effective number of codons (ENC)

The ENC is a measure of the total number of different 
codons present in a sequence and shows the bias from an 
equal use of all synonymous codons for a given amino acid 
[47, 68]. The ENC values for HBoV CDS and individual 
genes were calculated using default parameters in the SSE 
software package [59].

http://www.ncbi.nlm.nih.gov
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Relative synonymous codon usage (RSCU)

The RSCU is one of the most widely used parameters for 
examining the overall synonymous codon usage variation 
among genes [56]. The RSCU is the number of times a 
codon appears in a gene divided by the number of expected 
occurrences under equal codon usage. Codons with RSCU 
values of < 1.0, 1.0, > 1.0 represent negative codon usage 
bias, no bias, and positive codon usage bias, respectively. 
The RSCU values of all HBoV sequences were calculated 
using the MEGA7.0 software package [35] (Table 2). Sin-
gle codons ATG (Met) and TGG (Trp), and the termination 
codons TAA, TAG, and TGA are not expected to exhibit any 
usage bias and were therefore excluded from the analysis.

Codon adaptation index (CAI)

The CAI is a measure of the adaptiveness of a gene towards 
the codon usage of highly expressed genes [57]. The CAI 
values for all HBoV genes were calculated using human 
codon usage as a reference set in CAI calculator [49].

ENc‑plot mapping analysis

An ENC-Plot (ENC vs. G3s) is commonly used to deter-
mine the effect of G+C compositional constraints on 
codon usage bias [68]. An ENC-plot is a comparison of 

the observed and expected distribution of genes base on 
GC3s on a single plot. Expected ENC values for all GC3 
compositions (0-1.0) were calculated using the equation 
ENCexp = 2 + s + 29[s2 + (1 − s)2] − 1 [68]. When the corre-
sponding points fall near the expected curve, mutation is the 
main force shaping codon usage. When the corresponding 
points fall considerably below the expected curve, selection 
is the main force shaping codon usage.

Neutrality plot mapping analysis

A neutrality plot is an analytical method used to examine 
the influence of mutation pressure and natural selection on 
the codon usage pattern [62]. In a neutrality plot, the aver-
age GC content at the first and second synonymous codon 
positions (GC12) are plotted against GC content at the third 
synonymous codon (GC3) position. The regression coef-
ficient against GC3s is regarded as the mutation-selection 
equilibrium coefficient, and the evolutionary speed of the 
mutation pressure and natural selection pressure is expressed 
as the slope of a regression line. When correlation between 
GC12 and GC3 is statistically significant and the slope of the 
regression line is close to one, mutation bias is assumed to 
be the main force shaping codon usage. Alternatively, if the 
slope of the regression line is close to zero, then selection is 
the dominant factor.

Table 1  Nucleotide composition 
and codon usage indices of the 
HBoV genome

Nucleotide content (mean ± SD) in the entire coding sequence (NS1+NP1+VP1+VP2) and individual 
genes of 156 HBoV isolates

CDS NS1 NP1 VP1 VP2

A 0.332 ± 0.001 0.299 ± 0.001 0.359 ± 0.001 0.356 ± 0.001 0.354 ± 0.001
T 0.249 ± 0.00 0.288 ± 0.00 0.208 ± 0.00 0.226 ± 0.001 0.221 ± 0.001
C 0.216 ± 0.00 0.216 ± 0.00 0.201 ± 0.00 0.219 ± 0.001 0.226 ± 0.001
G 0.203 ± 0.001 0.198 ± 0.001 0.232 ± 0.001 0.199 ± 0.001 0.199 ± 0.001
A3s 0.468 ± 0.002 0.403 ± 0.003 0.432 ± 0.005 0.54 ± 0.003 0.551 ± 0.003
T3s 0.413 ± 0.001 0.476 ± 0.001 0.37 ± 0.002 0.365 ± 0.002 0.338 ± 0.002
C3s 0.248 ± 0.001 0.237 ± 0.001 0.279 ± 0.002 0.249 ± 0.002 0.263 ± 0.003
G3s 0.155 ± 0.002 0.155 ± 0.003 0.25 ± 0.005 0.125 ± 0.003 0.122 ± 0.004
AT 0.581 ± 0.001 0.586 ± 0.001 0.567 ± 0.001 0.582 ± 0.001 0.575 ± 0.001
GC 0.419 ± 0.001 0.414 ± 0.001 0.433 ± 0.001 0.418 ± 0.001 0.425 ± 0.001
GC1 0.496 ± 0.001 0.527 ± 0.001 0.423 ± 0.001 0.49 ± 0.001 0.488 ± 0.001
GC2 0.418 ± 0.00 0.384 ± 0.001 0.449 ± 0.002 0.439 ± 0.00 0.447 ± 0.001
GC12 0.457 ± 0.00 0.455 ± 0.001 0.436 ± 0.001 0.464 ± 0.001 0.468 ± 0.001
GC3 0.342 ± 0.001 0.33 ± 0.002 0.428 ± 0.003 0.325 ± 0.002 0.34 ± 0.003
GC3s 0.313 ± 0.001 0.304 ± 0.002 0.394 ± 0.003 0.294 ± 0.002 0.306 ± 0.003
ENC 46.329 ± 0.133 46.58 ± 0.186 47.94 ± 0.252 41.95 ± 0.216 41.02 ± 0.298
CAI 0.731 ± 0.001 0.701 ± 0.001 0.768 ± 0.002 0.753 ± 0.002 0.742 ± 0.002
L_aa 1529 639 219 671 542
Gravy -0.586 ± 0.002 -0.239 ± 0.003 -1.39 ± 0.005 -0.654 ± 0.004 -0.591 ± 0.004
Aromo 0.099 ± 0.00 0.089 ± 0.00 0.091 ± 0.00 0.112 ± 0.00 0.111 ± 0.00
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General average hydropathicity (GRAVY), 
aromaticity (Aromo), and length of amino acids 
(L_aa)

General average hydropathicity (GRAVY) values repre-
sent the sum of the hydropathy values of all amino acids 
in the gene product divided by the number of residues in 
the sequence [37]. Aromo values denote the frequency of 
aromatic amino acids (Phe, Tyr, Trp) in the translated gene 
product [8]. The length of amino acids (L_aa) represents the 
number of translatable codons [21].

Correspondence analysis of RSCU

Correspondence analysis (CoA) is widely used to identify 
major sources of variation in synonymous codon usage 
among genes. COA was performed on the RSCU value using 
the program CodonW (http://sourc eforg e.net/proje cts/codon 
w) and was plotted in a 59-dimensional hyperspace accord-
ing to the usage of the 59 synonymous codons. Each dimen-
sion corresponds to the RSCU value of one sense codon 
(excluding ATG, TGG, and stop codons). Major trends 
within this dataset can be determined using measures of rela-
tive inertia and genes ordered according to their positions 
along the axis of major inertia.

Statistical analysis

CodonW1.4.4 software was used to analyze the indices of 
codon usage. Correlation analyses based on Spearman’s 
rank correlation (with a level of significance of p < 0.05 
or p < 0.01) were performed with Microsoft Excel and 
XLSTAT version 2014.5.03.

Results

Codon usage bias in HBoV genome

The effective codon usage statistics were used to measure 
the codon usage bias in the HBoV genome. The ENC values 
of different HBoV isolates ranged from 45.98 to 47.01, with 
a mean value of 46.33 ± 0.14 (Table 1). High ENC values 
(> 40) and little variation in ENC among different isolates 
suggest a moderate but highly conserved codon usage bias 
in the HBoV genome.

Composition analysis of HBoV genome

Codon usage bias is affected by the overall nucleotide 
composition of the genome. Base composition analy-
sis of HBoV coding sequences showed an overall G+C 
content value of 41.89 ± 0.10% and A+T content of 

58.11 ± 0.10%, indicating a strong compositional bias 
in favor of A+T. The G+C content in the HBoV coding 
sequence is not uniformly distributed, and is highest at the 
GC1 position (49.58 ± 0.07%), intermediate at the GC2 
position (41.81 ± 0.05), and lowest at the GC3 position 
(34.25 ± 0.13). Further analysis of third-position wobble 
nucleotides revealed a significantly higher abundance of 
A3s (46.80%) and T3s (41.30%) than C3s (24.80%) and 
G3s (15.60%) (Table 1). The overall and third-position 
nucleotide composition values suggest that compositional 
constraints affect the codon usage pattern of the HBoV 
genome and that A/T occurs most frequently at the third 
codon position in HBoV genomes.

Relative synonymous codon usage (RSCU) 
in the HBoV genome

To investigate the patterns of synonymous codon usage 
and to what extent A/T-ending codons might be pre-
ferred, the relative synonymous codon usage (RSCU) 
was computed for each codon in the HBoV complete cod-
ing sequence and individual genes (Table 2). Among the 
59 synonymous codons, 25 were identified as preferred 
codons (RSCU > 1.0), 21 of which were A/T-ending. 
On the other hand, GC-ending codons were infrequently 
found in the HBoV genome, with 17 out of 26 rarely used 
codons (RSCU value, < 0.6) being GC-ending. Further 
analysis revealed that the bulk of amino acids in HBoV 
proteins were encoded by A/T-ending codons. For exam-
ple, three amino acids, arginine, serine and leucine, are 
encoded by six different codons, but in HBoV proteins, 
approximately 69% of arginine, 68% of serine, and 71% 
of leucine residues were encoded by A/T-ended codons. 
Other notable preferentially used synonymous codons for 
the corresponding amino acids were AAA, encoding Lys 
(79.34%); TTT, encoding Phe (73.18%); TAC, encoding 
Tyr (67.93%); GAA, encoding Glu (67.8%); GGA, encod-
ing Gly (67.60%); CAA, encoding Gln (62.91%); and 
TGT, encoding Cys (60.40%).

The codon usage pattern of viruses is affected by the 
codon usage pattern of its host [73]. Studies have shown 
a great deal of variation among different viruses, ranging 
from complete co-incidence to complete antagonism, and 
in between [10, 16, 29, 45, 53, 67, 73]. Comparative analy-
sis of the RSCU values indicated that the codon usage pat-
tern of HBoV is mostly antagonistic to its host, with only 
4-6 preferred codons coinciding with those of the host 
in different HBoV proteins (Supplementary Table S2). A 
similar mix of codon usage has been reported for several 
other viruses [29, 40] and this may serve to balance the 
translation efficiency and proper folding of viral proteins 
in infected host cells.

http://sourceforge.net/projects/codonw
http://sourceforge.net/projects/codonw
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The effects of mutational biases and natural 
selection on synonymous codon usage

Base composition analysis of individual genes (NS1, NP1 
and VP1 and VP2) revealed a similar overall G+C composi-
tion (41.10-43.80%) in all four genes (Table 1). However, the 
GC content at the first, second and third codon position was 
variable. In the NP1 gene, the GC content at all codon posi-
tions was the same, whereas in the NS1 and VP1/2 genes, 
the GC content was highest at the first codon position, inter-
mediate at the second codon position, and lowest at the third 
codon position. Contrary to intergenomic homogeneity in 
the codon usage bias, analysis of individual genes revealed 
marked variation in ENC values. Since the VP1 and VP2 
proteins differ only in the N-terminal region of VP1, no 
notable difference in nucleotide composition or codon usage 
indices were found between these two proteins. The average 
ENC values in different HBoV genes ranged from 41.02 
to 47.92, with the highest value for NP1 (47.92 ± 0.25), an 

intermediate value for NS1 (46.56 ± 0.18) and the lowest 
values for VP1 (41.95 ± 0.22) and VP2 (41.02 ± 0.298).

Compositional analysis revealed some notable differences 
in the GC3 content and codon usage bias among different 
HBoV genes. To elucidate the relationship between nucleo-
tide composition and codon bias in HBoV genes, the ENC 
values of all four genes were plotted against the correspond-
ing GC3s. The solid line in Figure 1A represents the curve 
that would be expected if codon usage were only determined 
by the GC content at the third codon position. In Figure 1A, 
data points representing individual HBoV genes formed four 
distinct clusters below the expected curve, and the proximity 
of each cluster to the standard curve differed. Data points 
corresponding to NS1 genes were aggregated closer to the 
expected curve than those of the NP1, VP1 and V2 genes, 
indicating a stronger influence of mutational pressure in the 
NS1 gene than in other genes.

Although the ENC–GC3 plot reflected the main fac-
tors that influenced codon usage bias, it did not indicate 

Fig. 1  NC plot and neutrality 
plot for 624 genes of HBoV. (A) 
Relationship between GC3 and 
the effective number of codons 
(ENC). The ENC values of 
each gene were plotted against 
the corresponding GC3s. The 
standard curve indicates the 
expected codon usage if GC 
compositional constraints alone 
account for codon usage bias. 
(B) Neutrality plot analysis of 
the average GC content in the 
first and second positions of the 
codons (GC12) and the GC con-
tent in the third position (GC3). 
The dotted line is the linear 
regression of GC12 against the 
corresponding GC3
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whether mutation pressure or natural selection was more 
important. To determine the extent of the role of these two 
evolutionary forces on the codon usage pattern of HBoV 
genes, we performed correlation analysis between GC con-
tent at the first and second codon positions (GC12) and 
that at synonymous third codon positions (GC3s).

When GC3 was plotted against GC12 for all genes 
(overall), a highly significant negative correlation between 
GC3 and GC12 was observed (r = -.899, p < 0.001), sug-
gesting that codon usage bias may be the result of muta-
tional pressure. However, when GC3 values of individual 
genes were plotted against the corresponding GC12 values, 
the only significant correlation between GC3 and GC12 
was observed in the NS1 gene (r = 0.575, p < 0.0001) 
(Fig. 1B). The slope of the neutrality plot indicated that 
~ 20% of the codon usage bias in the NS1 gene is due to 
directional mutational pressure, while ~ 80% is due to nat-
ural selection. No correlation between GC3 and GC12 was 
observed in NP1 (r = 0.026, p = 0.750), VP1 (r = 0.042, 
p = 0.602) and VP2 (r = -0.037, p = 0.6426) genes. The 
slopes of the regression lines in NP1, VP1/2 were cal-
culated to be 0.004 and 0.008, respectively, demonstrat-
ing the dominant influence of natural selection. Taken 
together; these data suggest that different evolutionary 
pressures are acting disproportionally on HBoV genes. 
Mutational pressure emerged as a minor factor acting on 
the NS1 gene only, while natural selection emerged as the 
dominant factor influencing the codon usage bias in all 
HBoV genes.

Effect of gene expression level on synonymous 
codon usage bias

To compare the codon usage preference with respect to 
its host, CAI values for all genes were calculated using 
the human codon usage as a reference (Table  1). The 
CAI for HBoV genes varied from 0.701 to 0.767, with 
a mean of 0.731 ± 0.001, which indicates that most 
of the HBoV genes are highly expressive in nature. 
Among the four HBoV genes, NP1 has the highest CAI 
value (0.768 ± 0.002), followed by capsid proteins VP1 
(0.753 ± 0.002) and VP2 (0.742 ± 0.0002). The NS1 
(0.701 ± 0.001) has the lowest CAI value among all HBoV 
proteins. To assess the effect of gene expression on codon 
usage bias, correlation between the ENC and CAI of 
each gene was determined. A significant positive correla-
tion between ENC and CAI in the VP1 and VP2 genes 
(r = 0.260, p < 0.001 and r = 0.261, p < 0.001, respectively) 
indicates that codon usage in these genes is affected by 
gene expression level. No direct correlation between ENC 
and CAI was found for the NS1 and NP1 genes.

Relationship between codon bias and protein 
length, hydropathicity index, and aromaticity score

Physical and chemical properties of proteins, such as hydro-
pathicity, aromaticity and length of the encoded protein play 
important roles in shaping codon usage of some species [44, 
52]. In order to investigate the potential role of hydropathic-
ity, aromaticity, and protein length in HBoV codon usage 
bias, correlation coefficients between ENC, hydropathic-
ity index (Gravy), aromaticity score (Aromo) and protein 
length (L_aa) were determined (Table S3). Protein length 
was significantly correlated with codon usage bias (-0.591, 
p < 0.0001). A significant negative correlation between 
GRAVY and ENC (NS1: r = -0.210, p < 0.01), GRAVY and 
axis 1 (NP1: r = - 0.181, p < 0.05, VP1 r = -0.176, p < 0.05) 
and a positive correlation between Aromo and ENC (NS1: 
r = 0.326, p < 0.001) suggest that both hydropathicity and 
aromaticity significantly influence the codon usage bias in 
HBoV genes.

Correspondence analysis

To investigate synonymous codon usage variation among 
HBoV genes, COA was implemented for all 624 genes from 
156 HBoV isolates. Figure 2A depicts the position of each 
ORF on the plane defined by the first and second principal 
axes generated by COA on RSCU values of genes. The first 
and second principal axes account for 61.24% and 35.46% of 
the total variability, indicating that first two axes are major 
explanatory axes for interpreting codon usage variation 
among genes.

The plot of the first and second axes of each gene is 
shown in Figure 2B. The distribution of HBoV genes based 
on RSCU values on first and second axes resulted in four dis-
tinct clusters, each representing one HBoV gene. Genes fall-
ing in the same cluster indicate that these genes have more 
or less similar codon usage biases. Further analysis revealed 
the separation of genes along the first and second axes based 
on codon usage bias (ENC) and gene expression level (CAI). 
It was noticeable from Figure 2B that genes with low codon 
usage bias (ENC > 46; NS1 = 46.58 and NP1 = 47.94) were 
located to the positive side of axis 1, while genes with high 
codon usage bias (ENC < 42; VP1 = 41.95 and VP2 = 41.02) 
were located to the negative side of axis 1. On other hand, 
genes with low expression levels (CAI < 0.71; NS1 = 0.70) 
were located to the negative side of axis 2, while genes 
with high expression levels (CAI > 0.74; NP1 = 0.768, 
VP1 = 0.753 and VP2 = 0.742) were located to the positive 
side of the axis 2. A highly significant positive correlation 
between CAI (overall), principle axis 1 and principle axis 
2, (r = 0.249, p < 0.0001; and r = 0.949, p < 0.0001, respec-
tively) suggest that codon usage in HBoV is influenced by 
gene expression levels.
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Dinucleotide frequency

Codon usage can also be influenced by underlying biases in 
dinucleotide frequency, which differs greatly among organ-
isms. To investigate the potential effect of dinucleotide bias 
on codon usage, relative the abundance of the 16 dinucleo-
tides in coding and non-coding HBoV sequences was calcu-
lated. The ratio of the observed to the expected frequency for 
each dinucleotide in the entire coding sequence (CDS), non-
coding sequence, and all four genes is shown in Figure 3.

The mean ± standard deviation of dinucleotide O/E ratios 
for the HBoV genome is 1.0 ± 0.246. Dinucleotides located 
outside the confidence interval (mean ± 1SD, 0.75–1.25) 

were classified as low or high relative abundance, respec-
tively. In the coding regions of the HBoV genome, seven 
dinucleotides exhibit substantial deviation from the expected 
frequency (Fig. 3A, sold line). Out of seven dinucleotides, 
four nucleotide pairs (CpA, CpT, GpG and TpG) are over-
represented (O/E > 1.25), whereas three nucleotide pairs 
(CpG, GpT and TpA) are under-represented (O/E < 0.75). 
In the non-coding sequence, all dinucleotides are within the 
threshold value (Fig. 3A, dotted line). Similar dinucleotide 
biases were observed in individual HBoV genes (Fig. 3B-
E). In the NS1 gene, three dinucleotides (CpT, GpG and 
TpG) are over-represented, while four nucleotide pairs (CpC, 
CpG, GpT and TpA) are suppressed. In the NP1 gene, two 

Fig. 2  Correspondence analysis 
of synonymous codon usage in 
HBoV genome. (A) The relative 
and cumulative inertia of the 
first 40 factors from a COA of 
the relative synonymous codon 
usage values. (R.Iner., relative 
inertia; R.Sum, relative sum or 
cumulative relative inertia). (B) 
distribution of HBoV genes on 
the primary and secondary axes
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nucleotide pairs (CpT and TpC) are over-represented, while 
three nucleotide pairs (CpG, GpT and TpA) are under-repre-
sented. In VP1 and VP2, three nucleotide pairs (CpA, GpG 
and TpG,) are over-represented and two nucleotide pairs 
(CpG and TpA) are under-represented.

Among the differentially used dinucleotides, only CpG 
and TpA depletion was common across all four HBoV 
genes. We also observed a slight decrease in  CpGO/E and 
 TpAO/E ratio (0.776 and 0.86, respectively) in the non-cod-
ing sequence, which indicates that compositional constraint 
is a contributing factor in CpG and TpA depletion, but the 
extent of CpG and TpA depletion in the coding region can-
not be explained by compositional constraint alone. To 
determine the effect of evolutionary pressures other than 
compositional constraint, O/E ratios for CpG/GpC and TpA/
ApT were calculated. A high O/E ratio (~ 1.0) would indi-
cate that depletion was due to pressure acting upon constitu-
ent nucleotides, whereas a low O/E ratio would suggest evo-
lutionary pressures acting specifically upon dinucleotides. 

The CpG/GpCO/E and TpA/ApTO/E ratios of all four genes 
(NS1 = 0.45 & 0.94, NP1 = 0.46 & 0.70, VP1 = 0.31 & 0.67 
and VP2 = 0.26 & 0.63, respectively) suggest that CpG and 
TpA depletion in HBoV genes is a combined effect of pres-
sures acting on the constituent mononucleotides and evo-
lutionary pressures acting specifically on CpG and TpA 
dinucleotides.

Depletion or over-representation of dinucleotides was 
expected to affect not only synonymous codon preferences 
but also amino acid frequencies and the choice of the syn-
onymous codons. To investigate the possible effects of CpG 
and TpA depletion on codon usage bias, the RSCU value of 
the eight CpG-containing codons (ACG, CCG, GCG, TCG, 
CGA, CGC, CGG and CGT) and six TpA-containing codons 
(ATA, CTA, GTA, TTA, TAC and TAT) were analyzed in 
all four genes. In NS1, six out of 14 codons (CGG [0.00], 
ACG [0.00], TCG [0.18], CGA [0.23], GCG [0.30] and CCG 
[0.34]) were markedly suppressed, four codons (GTA [0.57], 
ATA [0.82], TAT [0.91] and CGT [0.92]) were slightly 

Fig. 3  Relative dinucleo-
tide abundance in the HBoV 
genome. The scatter plot rep-
resents the observed/expected 
(O/E) frequency ratio of 16 
dinucleotides in each gene. 
The mean ± standard devia-
tion of dinucleotide O/E ratios 
for HBoV CDS is 1.0 ± 0.246. 
The mean ± standard devia-
tion of dinucleotide O/E 
ratios for HBoV NS1, NP1, 
VP1 and VP2 are 1.0 ± 0.23, 
1.0 ± 0.273, 1.0 ± 0.284 and 
1.0 ± 0.310, respectively. The 
solid line represents the O/E of 
16 dinucleotides in the coding 
region, (CDS) and a dotted line 
represent the O/E ratio of 16 
dinucleotides in the non-coding 
region of the HBoV genome. A 
dotted box indicates the normal 
range. Insets: under- and over-
represented dinucleotides in 
each gene
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suppressed, and four codons (TAC [1.09], TTA [1.17], CTA 
[1.31] and CGC [1.30]) were overused. In the NP1 gene, 
six codons (CGG [0.00], GCG [0.00], ACG [0.29], TAT 
[0.29], CGT [0.29], and CGA [0.29]) were markedly sup-
pressed, five codons (CCG [0.68], TTA [0.86], CGC [0.86], 
ATA [0.86], and TCG [0.89]) were slightly underused, and 
three codons (CTA [3.43], GTA [1.08] and TAC [1.71]) were 
overused. In the VP1 and VP2 genes, the effect of CpG and 
TpA depletion was more pronounced, and 10 (TCG, CGG, 
CGA, GCG, CCG, ACG, TTA, CGT, TAT and ATA) out of 
14 codons were underused. Taken together, these data sug-
gest that depletion of CpG and TpA dinucleotides in HBoV 
affects the codon usage.

Discussion

Our analysis revealed that HBoV lacks strong codon usage 
bias, which is consistent with previously reported data on 
human bocavirus and other parvoviruses [58, 72]. Weak 
codon bias seems to be an adaptive strategy employed by a 
large number of RNA and DNA viruses [31, 54], which may 
enable these viruses to maintain efficient replication without 
competing for limited tRNA resources. In accordance with 
previously published data, the pattern of codon usage in dif-
ferent HBoV proteins was mostly antagonistic to its host, 
sharing only 3-6 preferred codons, which may help the virus 
to maintain steady replication using non-optimal codons. 
Although codon usage bias appears to be conserved between 
HBoV strains, significant intragenomic variation in codon 
usage has been observed. The structural genes exhibited a 
higher degree of codon usage bias (ENC < 42) than the non-
structural genes (ENC > 46). A marked difference in codon 
usage between the structural and non-structural genes sug-
gests that HBoV genes have taken different codon evolution 
pathways depending on the function of each protein. Non-
structural proteins are required for early stages of the viral 
life cycle, and low codon usage bias in these proteins would 
allow a less restricted tRNA preference and more-efficient 
viral RNA replication. On the other hand, structural proteins 
are the main target of the humoral immune response and are 
often required at the late stage of the viral life cycle; there-
fore, more biased codon usage may allow a more gradual 
accumulation of these proteins without being detected by 
the host immune response.

Natural selection and mutation pressure are thought to be 
two main factors that account for codon usage variation in 
different organisms. A general association between codon 
usage bias and base composition in the HBoV genome sug-
gests that mutational pressure contributes significantly to the 
codon usage bias. However, a significant distance between 
the expected and actual ENC values in all HBoV genes and 
a lack of significant correlation between GC12 and GC3 in 

the HBoV NP1 and VP1 and VP2 genes suggest that natu-
ral selection is the main factor that determines the codon 
usage bias in HBoV. These findings are in agreement with 
results published for 58 parvoviruses [58] but in disagree-
ment with results published for 11 human bocavirus strains 
[72]. Additionally, significant correlations between ENC and 
gene length, CAI (VP1/2), Gravy (NS1) and Aromo (NS1) 
suggest that HBoV codon bias is multifactorial and that dif-
ferent evolutionary pressures are acting disproportionally 
on HBoV genes.

Codon usage bias can also be influenced by dinucleotide 
frequency. It has been reported that the proportion of codon 
usage bias due to mutation pressure in RNA virus often 
increases after accounting for dinucleotide bias [31]. The 
O/E frequency ratio of the 16 possible dinucleotides in the 
HBoV coding region revealed that ~ 40% of dinucleotides 
were outside of the normal range (< 0.75, > 1.25) and can 
be classified as under- or over-represented. The frequency 
of occurrence of 16 dinucleotides in individual HBoV genes 
was slightly variable, with CpG and TpA dinucleotides sup-
pressed in almost all gene. Comparative analysis of CpG and 
TpA dinucleotides frequencies in coding and non-coding 
regions revealed a significant depletion of CpG and TpA in 
coding regions compared to non-coding regions, suggesting 
a prevailing influence of translation selection shaping the 
relative abundance of specific dinucleotides. A low preva-
lence of CpG dinucleotides has been observed in the genome 
of many vertebrates and DNA and RNA viruses [4, 34]. 
Several possible reasons, such as lower transcription rate for 
CpG-containing codons, stimulation of Toll-like-receptor-
mediated innate immune response by unmethylated CpGs, 
and spontaneous deamination of methylated cytosine in CpG 
dinucleotides have been suggested to play a role in the deple-
tion of CpG dinucleotides [12, 30, 43]. The CpG motif in 
A/U-rich RNA has immunostimulatory properties, and its 
frequency in influenza virus has decreased over the course of 
several decades of human adaptation [23]. An experimental 
increase in CpG and UpA dinucleotides in echovirus 7 has 
been shown to have a negative impact on replication kinet-
ics [22]. UpA deficiency has also been reported in some 
other RNA viruses [65]. UpA dinucleotides in cytoplasmic 
mRNA are under direct selection, as the dinucleotide is rec-
ognized by RNA-degrading enzymes in the cytoplasm. The 
UpA composition therefore modulates protein expression 
from mRNA through its influence on transcriptome turnover 
[6, 20]. Marked suppression of CpG and UpA dinucleotides 
in HBoV mRNA sequences may therefore reflect selection 
for increased stability of viral mRNA in the cytoplasm and 
reduced immunostimulatory effects.

In summary, our analyses revealed a moderate but highly 
conserved gene-specific codon usage bias in the HBoV 
genome. The codon usage bias in the HBoV genome is 
mainly affected by natural selection, whereas mutational 
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pressure emerged as a minor contributing factor. Dinucleo-
tide bias also emerged as a key determinant of codon usage 
bias. The CpG/TpA dinucleotides are depleted across all 
HBoV genes, and depletion of dinucleotides was found to 
be a combined effect of compositional constraints imposed 
by nucleotide composition of the genome and evolutionary 
pressures specifically acting on CpG and TpA dinucleo-
tides. Gene length, gene expression, and protein properties 
emerged as minor factors and contributed to codon usage 
bias in some HBoV genes. The results of this study not 
only elucidate the mechanisms underlying the molecular 
evolution of HBoV but also provide a theoretical basis for 
improving HBoV gene expression by codon optimization 
and for studying the functional and pathological relevance 
of various HBoV proteins. Furthermore, this study may also 
provide a foundation for the development of a live attenu-
ated vaccine strain containing thousands of silent mutations, 
which would present a significant barrier against reversion.
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